Abstract. Macromolecules secreted into -the media by a nondifferentiating suspension culture of tobacco cells were found to be composed of protein and polysaccharide, and to acoount for the viscosity of the media. The concentration, composition, and viscosity of these macromolecules changed significantly with the age of the culture and growth temperature. The concentration changed from 0.02 mg/ml in newly inoculated cu.ltures to over 1 mg/ml in older cultures. The macromolecules contained from 6 to 18 % protein and 3 to 4 ,umoles hydroxyproline/mg nitrogen, more than 20 times the level found in whole cells. The macromolecules contained 5 to 25 % pectic substances whose carboxyl groups were either methyl esterified or combined with calcium. Arabinose, xylose, glucose, galactose, and mannose were identified in acid hydrolysates of the macromolecules. Peroxidase activity of the macromolecules increased as cultures became older. Peroxidase isoenzyme patterns changed with culture age and growth temperature. The relation of the macromolecules to cell walls and intercellular substances is discussed.
The presence of macromolecules, both proteins (enzymes) and polysaccharides, in the culture media on which cells of higher iplants were grown has been described by a number of investigators. For example, Nickell and Brakke (17) reported the release of a-amylase by the tissue of a virus-induced tumor from the root of Rumex acetosa; Straus and Campbell (22) reported the presence of peroxidase, acid phosphatase, amylase and IAA oxidase in plant cell culture media; Jaspers and Veldstra (12) followed the change in a-amylase activity in the media of tobacco crown-gall cultures; and Becker et al. (1) reported the presence of external uronide containing polysaccharides in culture fluid of sycamore cells growing in suspension. Because of similarity in com-position some of these macromolecules have been thought to be related to cell wall synthesis and biochemistry, particularly in the area of noncellulosic polysaccharides and intercellular material (1) . Access to possible cell wall precursors or related material free of cells and cell components could be a very valuable aid to elucidating the synthesis and biochemistry of plant cell walls.
This paper descrilbes the macromolecules found in the media of a tobacco suspension culture growing on a completely defined media. The changes in the production, composition, and some properties including peroxidase activity of these media macromolecules (MMM)2 are reported as a function of culture age and temperature 1NRC Postdoctoral Research Associate. 2 Abreiaton: media macromolecule (MMM); anhydrogalacturonic acid (AUA).
Materials and Methods3
Cell Culture a.d MMM Collection. Tobacco cells growing in suspension culture were used for this work. The cells (Nicotiana tabacum, var. Xanthi) were originally obtained from Filner (8) . They were cultured in suspension according to procedures described earlier (5) . Cells growing in this media have been designated WR-132 cells. These cells have been reproducibly subcultured in our laboratory for several years. The Cells were grown in 250 ml, 500 ml, and 1 liter Erlenmeyer flasks containing 75, 200, and 400 ml, respectively, of media.
The flasks were shaken on either New Brunswick rotary or reciprocal shakers. In a typical experiment, a series of 500-ml flasks were inoculated with 15-ml aliquots of cells from an 8-day culture. Individual cultures were harvested on succeeding days.
The cells were separated from the media by filtration on Miracloth, washed quickly with water t(1-2 times the volume of the original filtrate), frozen in liquid nitrogen, lyophilized, and weighed to give the cell dry weight. The filtered medium was centrifuged for 20 min at 30,000g and the small pellet discarded.
The medium was dialyzed overnight in the cold 3 (19) .
Peroxidase activity was measured by the procedure described by Evans !(7). Peroxidation of guaiacol was followed against time at 470 mp on a Beckman DK 2 Spectrophotometer. Starch gel electrophoresis of MMM at pH 8.8 and subsequent staining of the gels for peroxidase activity with benzidine were done following the procedures of Evans (7) .
Viscosity measurements were made at 250, using Cannon Fenske viscometers. Specific viscosities (,q/sp) were calculated using t-t0/to where t was the efflux time for the solution and to the efflux time for water.
The effect of polygalacturonase on MMM compared to its action on pectin was studied. For this purpose purified polygalacturonase free of pectinesterase prepared according to the procedures of Jansen and MacDonnell (11) was used. Citrus pectin was obtained from Sigma Chemical Company.
Results
Production and Composition of MMM. The concentration of macromolecules in the culture media increased over 20 times during the normal period of cell culture ( Fig. 1) . In a typical case at 25°the initial concentration was 0.05 mg/ml after inoculation. After 20 days this value had increased to 1.2 mg/ml. During the same period the concentration of whole cells in the culture (expressed as dry weight of washed cells) changed from 0.4 mg/ml to 7 mg/ml.
MMM were produced in cultures growing at 13°, 250, and 350 in approximately the same final yield, the difference being the time it took for the material to be produced. MMM contained both protein and galacturonic acid in amounts which varied with the age of the culture after inoculation and the temperature at which the culture was grown ( (Fig. 1 ). For cultures grown at 130 and 25°both the protein and the AUA content of the macromolecules were low in young cultures and increased as the cultures became older. For 350 cultures no significant drops in protein and AUA were observed. This may be dtie to failure to analyze samples at the proper times as well as the possibility that the production of macromolecules at this temperature follows a different pattern than at 13 or 250.
MMM from a 250, 14-day culture were composed of 12 % protein and, by difference, 88 % polysaccharide. The sample contained 20 % anhydrogalacturonic acid or 1.14 /Amoles/mg MMM. The methyl ester and calcium content of the sample was 0.78 and 0.22 'pmoles/mg MMM, respectively. This corresponds to 68 % methyl esterification of carboxyl groups and sufficient calcium to bind with 39 % of the carboxyl groups of the pectic substances. There was thus enough methyl ester plus calcium in this sample to combine with more galacturonic acid residues (107 %) than were present in this sample.
A possible explanation of this observation is offered in the Discussion. The sample also contained magnesium (0.2 jumoles/mg), sodium (0.2 fimoles/mg), with culture age and temperature. The amount of methanol recovered was 60 to 85 % of that necessary to esterify all of the galacturonic acid carboxyl groups while the sum of the methanol and calcium (calculated as being able to combine with uronic acid residues) always exceeded the carboxyl group content of the pectic substances by 5 to 25 %.
Monosaccharides found in acid hydrolysates of MMM include arabinose, xylose, glucose, galactose, and mannose. These are the same sugars found in the hydrolysates of cell walls of WR-132 cells and reported for the media polysaccharides and cell walls of sycamore cultures l(1).
The amino acid composition of a sample of MMM is given in table I. The high hydroxyproline content is characteristic of that found in plant cell walls (14, 18) . The hydroxyproline content of the whole cells which produced these macromolecules was 0.18 jtmoles/mg nitrogen.
Media recovered from cultures in which these cells have been growing was quite viscous. Viscosity measurements on reconstituted solutions of MMM were determined at concentrations of 4.0, 2.0, and 1.0 mg/ml. Intrinsic viscosity was determined as the intercept of a plot of (specific viscosity/concentration) as a function of concentration. Intrinsic viscosity increased from 0.1 to 0.4 deciliters/g with the age of the culture from which the MMM were obtained. This increase in viscosity is consistent with the increases noted in the protein and AUA content of MMM with culture age and in addition suggests the possibility of an increase in molecular weight of the macromolecules with culture age. The increase in the viscosity of the medium in a growing culture was thus due not only to changes in the concentration of the macromolecules in the medium but also to changes in their composition and possibly molecular weight.
MMM were attacked by purified polygalacturonase (11) as shown by the data in Fig. 2 . Specific viscosity dropped rapidly upon addition of the enzyme just as it did for pectin. Fifty percent of the maxi- (6) . In this earlier work the peroxidase was obtained from the medium by ammonium sulfate precipitation. In this study starch gel electrophoresis provided information about both the anodic and cathodic isoenzymes and a method whereby a large number of samples could be rapidly and conveniently compared in the same gel. MMM were reconstituted to 4 mg/ml and examined for peroxidase isoenzyme patterns. Each sample was applied to the gel on the same size piece of filter paper soaked overnight in the reconstituted solutions to ensure equivalent contact of the filter papers with the solutions. Changing isoenzyme patterns are shown in Fig. 3 Many preparations of plant peroxidases are characterized by the presence of the smear of activity moving toward the anode on electrophoresis. Staining of the sample filter papers following the electrophoresis demonstrated that in every case where activity was observed to move on the gel in the form of a smear there was significant activity remaining on the paper. This peroxidase activity together with the smear can account for 50 % or more of the total peroxidase activity 1(7). In the case of 'the MMM the evidence is that the discrete bands are unique and are not released from the smear or from the activity remaining at the origin.
MMM from cultures grown at all 3 temperatures showed a loss in peroxidase activity shortly after inoculation of fresh media with an aliquot of cells from an older culture ' (Fig. 3) 5 cm long) to which a piece of tygon tubing was attached with a pinch clamp. On successive days aliquots of the suspension culture were removed through the port and the MMM separated as described in the experimental section. Peroxidase activity of these samples is shown in the data in table II. On a per mg MMM basis there was 27 times less activity in MMM harvested 1 day compared to that harvested 8 days after inoculation of the culture. On a per mg protein basis the difference was 9 times. The difference was considerably larger calculated on the basis of activity per ml of the original medium since the concentration of macromolecules in the medium in a newly inoculated culture is quite low.
The use of washed cells in the inoculum in the foregoing experiment reduced the amount of "old" MMM added to the fresh medium with the cells and consequently any effect "old" MMM might have on the new culture. However, similar results were observed when an aliquot of an old culture (including MMM) was used for the inoculum, ' showing that the effect of MMM in the inoculum on these measurements was small. The results from experiments in which MMM were harvested from a single culture were also in agreement with experiments in which the MMM came from a large number of individual flasks inoculated on day 0 and harvested on succeeding days.
The differences observed in the peroxidase isoenzyme patterns from MMM obtained from cultures grown at 13°, 25°, and 350 suggested that it might be possible to demonstrate a direct correlation between culture temperature and peroxidase isoenzyme pattern by growing 130 and 35°cells at 25°and 
Discussion
Although much information has been reported in recent years on plant cell wall synthesis and development, there is a great deal that is still not known. As already mentioned, the similarity in composition of the MMM to cell walls suggests it may be related to them (1) Failure to obtain a closer balance between AUA residues and the sum of the methyl ester and calcium content suggests there may be another acid besides AUA in the MMM. The relation between the AUA content, degree of methyl esterification, and calcium content of the MMM is probably quite significant. Bonner (2) and others have discussed this relationship as it applies to cell walls. The changes observed in these components of the MMM with culture age and temperature complicates making a definitive statement about them. Qualitatively they are similar to the macromolecules from sycamore cultures (1) . A possible significant difference may be the fact that the AUA in MMM from tobacco cells was only partially methyl esterified while that from sycamore 'was 97 % esterified, and that some AUA residues in MMM from tobacco cells bind calcium.
It has not been possible to separate the protein and polysaccharide portions of the MMM and retain peroxidase activity. A partial separation of the mixture was achieved by filtration of a 0.4 % solution through an ultra fine sintered glass funnel. The filtrate contained about one-half of the original material and was composed of both protein and polysaccharide. Preliminary light-scattering data indicated a molecular weight for this material of about 200,000. The molecular weight of the portion remaining on the filter must be higher. Filtration also succeeded in separating the different kinds of peroxidase activity, as determined by starch gel electrophoresis. The filtrate contained only the discrete peroxidase bands while the material remain- 10PLANT PHYSIOLOGY ing on the filter contained the smear of peroxidase activity that remained at the origin.
The presence of both peroxidase and hydroxyproline in significant quantities correlates well with the idea that MMM are related to cell walls where both have been found. The possible presence of small amotunts of hydroxyproline in peroxidase has been, reported (21) but the significance of this information in relation to the large amounts in MMM is not apparent at the present time. The hydroxyproline in MMM is undoubtedly related to the plant cell hydroxyproline reported in protoplasm (9, 20) and cell walls (14, 18) and implicated in cell wall development (4) . The existence of a soluble hydroxyproline containing macromolecule might help explain some of the conflicting reports about the location of this imino acid in plant cells. In this connection it would be interesting to know whether there is a hydroxyproline-arabinose linkage in MMM as reported by Lamport for cell wall.bound 'hydroxyproline (13) .
